The GaInSb material system is attractive for application in thermophotovoltaic (TPV) cells since its band gap can be tuned to match the radiation of the emitter. At present, most of the TPV cells are fabricated using epitaxial layers and hence are expensive. To reduce the cost, Zn diffusion using elemental vapors in a semiclosed diffusion system is being pursued by several laboratories. In this paper, we present studies carried out on Zn diffusion into n-type (Te-doped) GaSb substrates in an open tube diffusion furnace. The dopant precursor was a 2000Å thick, zinc doped spin-on glass. The diffusion was carried out at temperatures ranging from 550 to 600°C, for times from 1 to 10 h. The diffused layers were characterized by Hall measurements using step-and-repeat etching by anodic oxidation, secondary ion mass spectrometry measurements, and TPV device fabrication. For diffusion carried out at 600°C, the junction depth was 0.3 µm, and the hole concentration near the surface was 5 × 10 19 /cm 3 . The external quantum efficiency, measured without any anti-reflection coating of the TPV cells fabricated using mesa-etching had a maximum value of 38%. Masked diffusion was also carried out by opening windows in a Si 3 N 4 coated, GaSb wafer. TPV cells fabricated on these structures had similar quantum efficiency, but lower dark current.
INTRODUCTION
Zinc is commonly used as a p-type dopant in several III-V semiconductors, including GaSb. Diffusion of zinc in these materials is characterized by high surface concentration and sharp diffusion profiles, that are ideal for thermophotovoltaic (TPV) devices. In addition, diffusion of zinc into GaSb and GaInSb material systems presents an inexpensive method of making p-on-n TPV devices compared to the more typical epitaxially grown structures.
Zn diffusion has been achieved in GaSb by different techniques that include elemental Zn diffusion in both a sealed ampoule and pseudo closed-box systems and by using Zn-doped spin-on glasses. 1-9 The doping profiles obtained in these studies were very sharp and non-Fickian. This has led to a theory of the diffusion mechanism based on an interstitial-substitutional model. 3 In this theory, the substitutional Zn atoms are relatively immobile and diffusion occurs mainly through interstitial Zn atoms that diffuse until they move into substitutional sites. The diffusion of the interstitial Zn atoms is modeled by an error-function profile, where the diffusion constant (D) is proportional to the ratio of the Zn and Ga-vacancy (V Ga ) concentration:
where n is ~ 2 and [V Ga ] 0 is the Ga vacancy concentration at the surface. The in-diffusion of Ga-site vacancies (due to out-diffusion of Ga atoms) is expected to be faster than that of the Zn atoms. Hence, Eq.
(1) predicts that diffusivity reduces with diffusion time (and hence distance) which results in sharp diffusion profiles. From the above diffusion mechanism, it is also expected that a large number of vacancies are created that diffuse faster than the Zn and hence are present just under the junction. Of the above mentioned methods of Zn diffusion, spin-on glass diffusion is attractive because it can be done in an open tube furnace without the need for Dakshinamurthy, Shetty, Bhat, Hitchcock, Gutmann, Charache, and Freeman sealing or evacuation of ampoules. In addition, prevention of surface decomposition and attainment of repeatable diffusions are accomplished without a controlled overpressure of Sb as required in solid source diffusion performed in the ampoules and pseudo-closed box systems. On the other hand, it has been shown that the spin-on glass not only acts as a diffusion source but also helps prevent the thermal decomposition of the GaSb surface. 8 In the present study, Zn diffusion was performed on n and p type GaSb using Zn doped spin-on glasses.
EXPERIMENTAL DETAILS Diffusion
Two types of GaSb (100) substrates were used in the study: (a) Te-doped, n-type substrates with a carrier concentration of 5 × 10 17 /cm 3 , supplied by MCP Wafer Technology, and (b) high resistivity, undoped p-type substrates with a carrier concentration of ~8 × 10 14 / cm 3 at 77K, supplied by Firebird Semiconductor. The high resistivitiy of the p-type substrates facilitated Hall measurements to study the diffusion. It was assumed that the diffusion in n-type substrates would be identical to the p-type substrates due to the low concentration of Te compared to the expected concentration of Zn. 3 Substrate cleaning was performed by initial degreasing in a hot bath of xylene, followed by rinses in acetone and methanol. The wafer was then dipped in HCl for 1 min to remove surface oxide and given a quick etch in bromine-methanol (~1% solution). Following this, the sample was again rinsed thoroughly in methanol and blown dry in filtered N 2 . 10 A Zn doped spin-on glass solution (obtained from Emulsitone Co.) was spun on at a spin speed of 3500 rpm for 20 s. The sample was then baked at 100°C for about 20 min in order to drive off the solvent and form the glass layer. The spin-on glass was usually about 0.2-0.25 µm thick at the end of the baking step. These films are essentially similar to pyrolytic SiO 2 , but with a Zn concentration of ~10 20 /cm 3 . However, their dielectric strength and etching resistance in HF are inferior to that of thermal SiO 2 layers. The wafers were then placed in a fused silica boat and introduced slowly into an open-tube furnace, in a neutral ambient of ultra high purity Ar or N 2 with a low H 2 O content. It was ensured that the temperature gradient experienced by the sample was always <50°C/min, in order to prevent cracking of the film due to thermal shock. The duration and temperature of the diffusion step were varied. At the end of the diffusion step, the sample was removed from the diffusion tube, taking care to ensure that the ramp-down rate was again <50°C/min. The spin-on glass was stripped from the GaSb surface in dilute HF solution (1:10).
Hall Measurements
The p-type substrates used for the diffusion were characterized by making Van der Pauw structures. Ohmic contacts were formed on the four corners of the square sample using indium dots annealed under a nitrogen flow at 250°C. Hall measurement was performed at 77K by immersing the sample in liquid nitrogen. As the thickness and profile of the diffused layer were unknown, only the sheet resistance and average mobility could be determined from the Hall measurements. The contribution of the substrate was removed by using previously measured Hall data of the substrate. The doping profile was determined by etching the top surface of the wafers in steps of 500Å and conducting Hall measurements after each etching step. 11 Anodic oxidation was used for this purpose. Anodic oxide of GaSb was grown in an aqueous glycol water (AGW) electrolyte, consisting of 1:2 mixtures of a 3% solution of tartaric acid in de-ionized (DI) water and ethylene glycol. NH 4 OH was added to adjust the pH value to be ~4. The sample to be anodized was placed at the anode and a graphite bar was used as the cathode. The oxidation was performed using a constant current source, with a current density ~1 mA/ cm 2 . The thickness of the anodic oxide is directly proportional to the voltage built up across the cell, and hence this voltage (V) can be used as a measure of the oxide thickness. After the desired voltage (and hence, the desired thickness) had been reached, the current source was turned off and the sample removed from the electrolyte. The surface was thoroughly rinsed in DI water and methanol. The thickness of the oxide T ox was then measured using a spectroscopic ellipsometer (The refractive index at λ = 6328Å was determined to be 2.0), followed by a strip in HCl.
Step height measurements on GaSb surfaces protected from the electrolyte, gave a dT ox /dV of 32Å/ V, confirming the correlation between anode voltage and the etch depth.
The sheet resistance ρ si and mobility µ i were measured using the Van der Pauw method, at each step (i) of the profiling process until the sheet resistance had reached a constant value, close to the typical substrate sheet resistance at 77K of ~500-1000 Ω/square. The procedure for obtaining the carrier concentration and mobility of the ith layer is outlined in Appendix A. The carrier concentration obtained was also com-
